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Spin-orbit torques are studied in Ta/TbFeCo patterned structures with a bulk perpendicular 
magnetic anisotropy (bulk-PMA) for the first time. The current-induced magnetization switching 
is investigated in the presence of a perpendicular, longitudinal, or transverse field. In order to rule 
out Joule heating effect, switching of the magnetization is also demonstrated using current pulses.  
It is found that the anti-damping torque correlated with spin Hall effect is very strong, and a spin 
Hall angle of about 0.12 is obtained. The field-like torque related with Rashba effect is negligib le 
in this structure suggesting that the interface play a significant role in Rashba-like torque.  
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Recently current-induced spin-orbit torques have been intensively studied in magnetic ultra- thin 
films due to its potential for memory and logic devices.1–3 Researchers have reported that the 
magnetization of ferromagnetic structures with interfacial perpendicular magnetic anisotropy (I-
PMA) including Pt/Co/Oxide,4–7 Pt/Co/Pt,8,9 Ta/CoFeB/MgO,10–14 and Ta/CoFe/MgO15 can be 
switched by in-plane current-induced spin-orbit torques (SOT), namely, the spin Hall (SH) and the 
Rashba effects. It provides an efficient way of generating spin current that promises to significantly 
reduce the current required for switching PMA nanomagnets. However, the interfacial-PMA is 
usually not strong enough to preserve the thermal stability of nanomagnets for applications in 
memory and logic devices at sub-20 nm,16 although different methods have been developed to 
enhance the interfacial-PMA.17,18 On the other hand, bulk-PMA materials, including L10-ordered 
alloys (FePt, FePd, CoPt, etc.),19,20 Heusler alloys,21,22 and transition metal-rare earth alloys,2 3  
exhibit a much larger Ku (~107 erg/cm3) and higher thermal stabilities; however, the manipula t ion 
of magnetization with bulk-PMA using SOT is rarely studied so far.24  
The utilization of bulk-PMA materials in SOT/spin Hall systems also has unique advantages 
for understanding the underlying physics of SOT. In SOT systems, the contributions of the 
interfacial effect (Rashba) and the bulk effect (spin Hall) are controversial.4,25,26 In magnetic 
materials with bulk-PMA, magnetic anisotropy originates from the bulk rather than the interface; 
hence, it is a suitable system for the investigation of SOT. On the contrary to the interfacial-PMA 
structures, the materials with bulk-PMA are much more robust to thickness or interface variation. 
This makes it possible to do a comparative study with the same bulk-PMA material and different 
heavy metals. Additionally, it also allows the study of changing the thickness of the magnetic layer, 
which is restricted when dealing with interfacial-PMA structures.10  
In this letter, we first demonstrate the spin Hall effect induced switching of perpendicular 
magnetization with a bulk-PMA. Ta/TbFeCo structure is employed to study the magnetiza t ion 
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switching in materials with strong intrinsic perpendicular anisotropy. The current-induced 
magnetization switching is investigated in the presence of a perpendicular field, a longitudinal field, 
or a transverse field. We determine the strength of anti-damping torque (or spin Hall efficiency) is 
in accordance with that in the interfacial-PMA system Ta/CoFeB/MgO reported previously, while 
the field-like torque (Rashba torque) is negligible. 
The film stack consists of, from the substrate, Ta(5)/Tb20Fe64Co16(1.8)/MgO(2)/Ta(4) 
(thickness in nm). The films are deposited on thermally oxidized silicon wafers by DC and RF 
magnetron sputtering at room temperature. A ternary alloy target is used for the deposition of the 
TbFeCo layer. The composition of the TbFeCo is confirmed using RBS and XPS measurements. 
The as-deposited films demonstrate a strong intrinsic perpendicular anisotropy27–29 as shown in Fig. 
1(a). The 1.8 nm-thick TbFeCo film shows PMA with a square hysteresis loop in the out-of-plane 
direction with a coercivity field HC = 70 Oe. The in-plane hysteresis loop is saturated at about 10 
kOe indicating a strong perpendicular anisotropy field of 1.5 T. With the thickness of TbFeCo 
increasing, the out-of-plane loops persist good squareness and sharp switching, as can be seen from 
the inset of Fig. 1(a), indicating the PMA in TbFeCo originates from the bulk rather than induced 
by the interface. The coercivity field increases upon increasing the TbFeCo thickness, which is a 
feature of bulk-PMA materials. We also compared the hysteresis loops of 1.8 nm TbFeCo deposited 
on different giant spin Hall metals (Ta and W), and both systems exhibit similar perpendicular 
properties, which implies the robust behavior of the bulk-PMA in TbFeCo. Fig. 1(b) shows the 
experimental setup and device schematic. The film stack is patterned into Hall bars with a width of 
10 μm and length of 65 μm using optical lithography and Ar-ion etching. A DC current is injected 
into the bar along the longitudinal direction (y direction), and the voltage is detected by a nano-
voltmeter in the transverse direction (x direction). The anomalous Hall resistance, RH, which is 
proportional to the perpendicular component of the magnetization, MZ, is measured to determine 
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the magnetization direction of the TbFeCo layer. The polarity of RH depends on the orientation of 
magnetization, and positive RH corresponds to Mz > 0.  
We started by investigating the variation of the hysteresis loop while gradually changing the 
current, and the results are shown in Fig. 2(a). The anomalous Hall resistance is measured as a 
function of perpendicular magnetic field Hz for different input currents. When the current flowing 
through the device is very small (0.5 mA), we observe a square hysteresis loop with coercivity of 
240 Oe and Hall resistance with the amplitude of 4.0 Ω. The coercivity is larger than that of 
unpatterned thin film in Fig. 1(a) because of the incoherent switching in unpatterned film.30 Once 
the current is increased to 8 mA, the coercivity reduces dramatically to 50 Oe, and the amplitude of 
RH also decreases to 3.65 Ω. The reduction of both the coercivity and the Hall resistance results 
from the increase of current-induced torque related with the spin Hall effect, or the anti-damping 
torque, expressed as 
0 ( )  
|| ||
τ m m σ , where σ  denotes the spin polarization unit vector, and 
the magnitude of the torque is 0
2
S
S
J
eM t
 || , where SJ  represents the spin current. For a 
positive charge current flowing through the Hall bar (along +y), ||τ  is along +x. This torque, on 
one hand, tilts the magnetization from the z direction towards the y direction in the y-z plane and 
decreases the energy barrier for switching. As shown in the phase diagram in Fig. 2(a), the 
perpendicular coercivity can be modulated from 240 Oe to 10 Oe by varying the current from 0.5 
mA (corresponding to a current density of 0.25×106 A/cm2 in the Ta layer) to 12 mA (3.75×106 
A/cm2 in the Ta layer).  
The influence of the SHE on the magnetization can also be studied by sweeping the current in 
the presence of various in-plane fields along the y direction, as seen in Fig. 2(b). When the current 
is applied parallel with Hy, the direction of the effective field 
0( ) 
|| ||
H m σ , which is 
corresponding to ||τ , is oriented parallel with Hy for Mz < 0 and anti-parallel with Hy for Mz > 0; 
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therefore the upward magnetization is favored. Similarly, when the current is applied anti-paralle l 
with the Hy field, downward magnetization is favored. Thus by sweeping the DC current, the 
switching of the magnetization can be observed, and the polarity of the switching loop is dependent 
on the direction of Hy (inset of Fig. 2(b)) and is in agreement with the observations in the 
Ta/CoFeB/MgO system in the previous study.12 The value of switching current decreases from 12 
mA to 5 mA as the in-plane field increases from 50 Oe to 600 Oe, in agreement with the scenario 
based on the current induced torque 
||τ  related with the spin Hall effect.
4  
In order to rule out Joule heating effects, we perform the experiment with pulse current, as 
exhibited in Fig. 3 (a) and (b). The current pulse is injected in the +y direction with an amplitude 
of 10 mA and duration of 1 ms. The Hall resistance is measured 20 μs after rise time of the current 
pulse. A perpendicular field is applied with the field direction reversed back and forth after each 
current pulse. When the field strength is 50 Oe, the Hall resistance switches back and forth 
synchronously, varying between +3.6 Ω and -3.6 Ω (Fig. 3(a)). It indicates that the magnetiza t ion 
switches between upward state and downward state completely. The osilation of magnetization is 
captured by the magneto-optical Kerr effect (MOKE) images, as shown in Fig. 3(c), where the two 
MOKE images of the Hall bar with different brighness correspond to Mz < 0 (RH = -3.6 Ω) and Mz 
> 0 (RH = +3.6 Ω) repectively. On the other hand, when the strength of the applied field decreases 
to 20 Oe for the same current pulse, the Hall resistance only varies between +3.6 Ω and approximate 
+2.5 Ω (Fig. 3(b)). Such small variation in RH indicates the magnetization can’t be completed 
switched with 20 Oe field, and barely small reverse domains are nucleated. The results in Fig. 3 (a) 
and (b) are consistent with the switching diagram in Fig. 2 (a): for the current of 10 mA, Hz of 20 
Oe is located near the boundary of the switching diagram and thereby barely enough for domain 
wall nucleation, while Hz of 50 Oe is located in the reversal area in the diagram and thereby forming 
a completed switching of magnetization. 
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We obtain more insight by sweeping the current in the presence of a transverse in-plane field, 
Hx, instead of the longitudinal field, Hy, as can be seen in Fig. 4. When Hx is zero or smaller (Fig. 4 
(a)), the contour of Hall resistance in the shape of an arch is obtained with the current varying from 
-20 mA to +20 mA or vice versa. The gradual drop of RH from about 4 Ω at I = 0 mA to less than 2 
Ω at I = 20 mA reflects the magnetization tilting due to the current induced torque. No switching is 
obtained here, because the transverse field Hx, which is vertical to the effective field ||H  of spin 
Hall effect, can’t break the symmetry. However, when Hx becomes larger (Fig. 4 (b) and (c)), the 
contour of RH changes noncontinuously with two bumps appearing. This could be a result from the 
joint effect of SHE torque, transverse field, and Dzyaloshinskii-Moriya interaction (DMI). For 
example when Hx = 500 Oe, as the current varies from negative to zero, RH increases gradually but 
is still much less than 4Ω at I = 0; this means the magnetization is still tilted significantly from the 
z-axis. The external field itself is not strong enough to lead to this state. Instead, DMI could be a 
reason for such an intermediate state by generating stable helical magnetization patterns.31 With the 
current increasing further to positive values, RH jumps up abruptly to nearly 4Ω (at I = 7 mA) and 
then jumps back (at I = 13 mA), due to the competition of DMI and the SHE. When current is swept 
back from positive to negative, RH follows a similar variation. This “half switching” phenomenon 
is not previously reported in Ta/CoFeB/MgO or another interfacial-PMA system. Whether it is or 
isn’t a unique feature of bulk-PMA materials still requires further study.  
Finally, we quantitatively evaluated the strength of current-induced torques. In this case, we 
apply an in-plane field and compare field sweeps for the same magnitude of current, positive and 
negative (I = ±4 mA in Fig. 5). Fig. 5(a) shows the result for when the field is applied along the 
longitudinal direction. In this case, the difference in the Hall resistances for positive current and 
negative current is attributed to the anti-damping torque related with spin Hall effect, following the 
equation 
0 / sinyH    || , where   denotes the angle between the magnetization and x-y plane.
4  
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We calculate 
0 1.5mT/mA/ I 
||  and spin Hall angle is estimated to be about / 0.12S CJ J  . This 
value is similar with that previously reported in Ta/CoFeB/MgO system.1 Then we repeat this 
measurement with the field applied along the transverse direction as shown in Fig. 5(b). In this case, 
there’s no discernable difference between the curves with I = +4 mA and I = - 4 mA indicating the 
field-like torque τ  related with the Rashba effect is negligible in the Ta/TbFeCo system. This is 
predictable because the Rashba effect is an interfacial effect originating from the ultrathin 
asymmetric sandwiched structure, which isn’t the case for our bulk-PMA system. 
In summary, bulk-PMA structures can overcome the limitations of interfacial-PMA structures 
in the SOT study, and therefore are promising candidates in both the physical understanding the 
industrial application of SOT or spin Hall effect. We studied the spin Hall effect in Ta/TbFeCo 
structures with bulk-PMA for the first time. The current-induced magnetization switching is studied 
in the presence of a longitudinal field while the “half-switching” phenomenon is obtained in the 
presence of a transverse field. The strength of anti-damping torque (or spin Hall efficiency) is in 
accordance with that in Ta/CoFeB/MgO systems reported previously, and the field-like torque 
(Rashba torque) is negligible in Ta/TbFeCo system. 
 
Acknowledgement 
This work was partially supported by the Center for Spintronic Materials, Interfaces and Novel 
Architectures (C-SPIN), one of six SRC STARnet Centers, sponsored by MARCO and DARPA 
and the National Science Foundation Nanoelectronics Beyond 2020 (Grant No.NSF NEB 
1124831).  
 
 
8 
 
References: 
 1 L. Liu, C.-F. Pai, Y. Li, H.W. Tseng, D.C. Ralph, and R. a Buhrman, Science 336, 555 (2012). 
2 A. van den Brink, S. Cosemans, S. Cornelissen, M. Manfrini, A. Vaysset, W. Van Roy, T. Min, 
H.J.M. Swagten, and B. Koopmans, Appl. Phys. Lett. 104, 012403 (2014). 
3 M. Cubukcu, O. Boulle, M. Drouard, K. Garello, C. Onur Avci, I. Mihai Miron, J. Langer, B. 
Ocker, P. Gambardella, and G. Gaudin, Appl. Phys. Lett. 104, 042406 (2014). 
4 L. Liu, O.J. Lee, T.J. Gudmundsen, D.C. Ralph, and R. a. Buhrman, Phys. Rev. Lett. 109, 
096602 (2012). 
5 C. Onur Avci, K. Garello, I. Mihai Miron, G. Gaudin, S. Auffret, O. Boulle, and P. 
Gambardella, Appl. Phys. Lett. 100, 212404 (2012). 
6 C. Bi, L. Huang, S. Long, Q. Liu, Z. Yao, L. Li, Z. Huo, L. Pan, and M. Liu, Appl. Phys. Lett. 
105, 022407 (2014). 
7 K. Garello, I.M. Miron, C.O. Avci, F. Freimuth, Y. Mokrousov, S. Blügel, S. Auffret, O. Boulle, 
G. Gaudin, and P. Gambardella, Nat. Nanotechnol. 8, 587 (2013). 
8 C. Hin Sim, J. Cheng Huang, M. Tran, and K. Eason, Appl. Phys. Lett. 104, 012408 (2014). 
9 T. Yang, M. Kohda, T. Seki, K. Takanashi, and J. Nitta, Jpn. J. Appl. Phys. 53, 04EM06 (2014). 
10 J. Kim, J. Sinha, M. Hayashi, M. Yamanouchi, S. Fukami, T. Suzuki, S. Mitani, and H. Ohno, 
Nat. Mater. 12, 240 (2013). 
11 T. Suzuki, S. Fukami, N. Ishiwata, M. Yamanouchi, S. Ikeda, N. Kasai, and H. Ohno, Appl. 
Phys. Lett. 98, 142505 (2011). 
12 C. Zhang, M. Yamanouchi, H. Sato, S. Fukami, S. Ikeda, F. Matsukura, and H. Ohno, J. Appl. 
Phys. 115, 17C714 (2014). 
13 G. Yu, P. Upadhyaya, K.L. Wong, W. Jiang, J.G. Alzate, J. Tang, P.K. Amiri, and K.L. Wang, 
Phys. Rev. B 89, 104421 (2014). 
14 C.O. Avci, K. Garello, C. Nistor, S. Godey, B. Ballesteros, A. Mugarza, A. Barla, M. 
Valvidares, E. Pellegrin, A. Ghosh, I.M. Miron, O. Boulle, S. Auffret, G. Gaudin, and P. 
Gambardella, Phys. Rev. B 89, 214419 (2014). 
15 S. Emori, U. Bauer, S.-M. Ahn, E. Martinez, and G.S.D. Beach, Nat. Mater. 12, 611 (2013). 
16 S. Manipatruni, D.E. Nikonov, and I. a. Young, Appl. Phys. Express 7, 103001 (2014). 
9 
 
17 C.-F. Pai, M.-H. Nguyen, C. Belvin, L.H. Vilela-Leão, D.C. Ralph, and R. a. Buhrman, Appl. 
Phys. Lett. 104, 082407 (2014). 
18 J. Sinha, M. Hayashi, A.J. Kellock, S. Fukami, M. Yamanouchi, H. Sato, S. Ikeda, S. Mitani, S. 
Yang, S.S.P. Parkin, and H. Ohno, Appl. Phys. Lett. 102, 242405 (2013). 
19 P. He, L. Ma, Z. Shi, G.Y. Guo, J.-G. Zheng, Y. Xin, and S.M. Zhou, Phys. Rev. Lett. 109, 
066402 (2012). 
20 A. Itabashi, M. Ohtake, S. Ouchi, F. Kirino, and M. Futamoto, EPJ Web Conf. 40, 07001 
(2013). 
21 S. Ouardi, T. Kubota, G.H. Fecher, R. Stinshoff, S. Mizukami, T. Miyazaki, E. Ikenaga, and C. 
Felser, Appl. Phys. Lett. 101, 242406 (2012). 
22 H. Kurt, K. Rode, M. Venkatesan, P. Stamenov, and J.M.D. Coey, Phys. Rev. B 83, 020405 
(2011). 
23 N. Nishimura, T. Hirai, A. Koganei, T. Ikeda, K. Okano, Y. Sekiguchi, and Y. Osada, J. Appl. 
Phys. 91, 5246 (2002). 
24 H.-R. Lee, K. Lee, J. Cho, Y.-H. Choi, C.-Y. You, M.-H. Jung, F. Bonell, Y. Shiota, S. Miwa, 
and Y. Suzuki, Sci. Rep. 4, 6548 (2014). 
25 I.M. Miron, G. Gaudin, S. Auffret, B. Rodmacq, A. Schuhl, S. Pizzini, J. Vogel, and P. 
Gambardella, Nat. Mater. 9, 230 (2010). 
26 X. Fan, H. Celik, J. Wu, C. Ni, K.-J. Lee, V.O. Lorenz, and J.Q. Xiao, Nat. Commun. 5, 3042 
(2014). 
27 X. Liu, a. Morisako, H. Sakurai, Y. Sakurai, M. Itou, and a. Koizumi, J. Magn. Magn. Mater. 
310, 1744 (2007). 
28 T. Rahman, X. Liu, a. Morisako, and M. Matsumoto, J. Magn. Magn. Mater. 287, 250 (2005). 
29 S.Q. Yin, X.Q. Li, X.G. Xu, J. Miao, and Y. Jiang, IEEE Trans. Magn. 47, 3129 (2011). 
30 N. Anuniwat, M. Ding, S.J. Poon, S. a. Wolf, and J. Lu, J. Appl. Phys. 113, 043905 (2013). 
31 N. Perez, E. Martinez, L. Torres, S.-H. Woo, S. Emori, and G.S.D. Beach, Appl. Phys. Lett. 
104, 092403 (2014).  
 
  
10 
 
Figure Captions 
FIG. 1. (a) The in-plane and out-of-plane hysteresis loop of Ta(5)/TbFeCo(1.8)/MgO(2) mult i-
layers. Inset: the out-of-plane hysteresis loops for Ta(5)/TbFeCo(t)/MgO(2) multilayers, 
where t = 1.8 , 2.2, and 2.5 nm, respectively. (b) Schematic illustration of Hall bar device 
and setup of the experiment 
FIG. 2.   (a) Out-of-plane field dependence of RH with I = 0.5 mA and 8mA respectively (inset), 
and switching phase diagram where the coercivity varies as a function of current. (b) 
Current dependence of RH in the presence of longitudinal field Hy = 390 Oe and -390 Oe, 
respectively (inset), and switching phase diagram where the switching current IS varies 
as a function of Hy.  
FIG. 3.  (a) and (b) RH variation with injection of a sequence of current pulses of Ip = 10 mA and 
1 ms long; the perpendicular field is applied and field direction reversed after each 
current pulse. The amplitude of the applied field is Hz = 50 Oe for (a) and Hz= 30 Oe for 
(b). (c) Magneto-optical Kerr image of the Hall bar device with the magnetiza t ion 
direction pointing upward (left) and downward (right), respectively. 
FIG. 4.  RH as a function of DC current when the transverse field Hx is present. (a) Hx = 120 Oe, 
(b) Hx = 200 Oe and (c) Hx = 500 Oe. 
FIG. 5.   RH as a function of the (a) longitudinal field or (b) transverse field, for I = ±4 mA 
respectively. Inset of (a): the difference in the field for +2 mA and -2 mA when the Hall 
resistance is the same value. 
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